The effects of growth light environment on stomatal light responses were analyzed. We inverted leaves of sunflower (Helianthus annuus) for 2 weeks until their full expansion, and measured gas exchange properties of the adaxial and abaxial sides separately. The sensitivity to light assessed as the increase in stomatal conductance was generally higher in the abaxial stomata than in the adaxial stomata, and these differences could not be completely changed by the inversion treatment. We also treated the leaves with DCMU to inhibit photosynthesis and evaluated the photosynthesis-dependent and -independent components of stomatal light responses. The red light response of stomata in both normally oriented and inverted leaves relied only on the photosynthesisdependent component. The blue light response involved both the photosynthesis-dependent and photosynthesisindependent components, and the relative contributions of the two components differed between the normally oriented and inverted leaves. A green light response was observed only in the abaxial stomata, which also involved the photosynthesisdependent and photosynthesis-independent components, strongly suggesting the existence of a green light receptor in sunflower leaves. Moreover, acclimation of the abaxial stomata to strong direct light eliminated the photosynthesisindependent component in the green light response. The results showed that stomatal responses to monochromatic light change considerably in response to growth light environment, although some of these responses appear to be determined inherently.
Introduction
Stomata are pores formed by guard cells in the epidermis and provide the diffusion pathway for CO 2 , O 2 and water vapor from the ambient air to the leaf, and vice versa. The stomatal aperture changes in response to various environmental variables including light, humidity and CO 2 concentration. Although mechanisms of stomatal responses to light environments have been studied very intensively (for reviews, see Shimazaki et al. 2007 , Lawson 2009 ), there are still many unsettled or even unexplored problems.
The light response of stomata consists of at least two components (Sharkey and Raschke 1981a , Sharkey and Raschke 1981b , Shimazaki et al. 2007 , Lawson 2009 ), the photosynthesisindependent and the photosynthesis-dependent components. The former is also known as the blue light-specific response, which induces rapid stomatal opening Ogawa 1987, Zeiger et al. 2002) . It is now well accepted that phototropins, the blue light receptors, absorb blue light and activate the plasma membrane H + -ATPase via a signal transduction cascade (Kinoshita and Shimazaki 1999 , Shimazaki et al. 2007 ). The photosynthesis-dependent component, also called the red light response, refers to the response driven by photosynthesis (Sharkey and Raschke 1981a) . This component is inhibited by inhibitors of photosynthetic electron transport, such as DCMU (Sharkey and Raschke 1981a , Schwartz and Zeiger 1984 , Tominaga et al. 2001 , Olsen et al. 2002 . Photosynthesis by both mesophyll and guard cell chloroplasts appear to be responsible for the photosynthesis-dependent component (Zeiger et al. 1981 , Shimazaki et al. 1982 , Shimazaki and Zeiger 1985 , Cardon and Berry 1992 , Wu and Assmann 1993 , Lawson et al. 2002 , Doi and Shimazaki 2008 . Although it has been established that a lowered intercellular CO 2 concentration, brought about by vigorous photosynthesis, induces stomatal opening (Mott 1988 , Roelfsema et al. 2002 , recent reports indicate that the photosynthesis-dependent component exerts its effect independently of this well-known effect of photosynthesis to lower the intercellular CO 2 concentration (Messinger et al. 2006 , Wang et al. 2008 . Concerning the main player of the photosynthesis-dependent pathway, there are controversial views: some researchers claimed the importance of guard cell photosynthesis (Baroli et al. 2008 , Lawson 2009 ), whereas others suggested the primary role of mesophyll photosynthesis (Roelfsema et al. 2002 , Mott et al. 2008 ).
In our recent study, we highlighted the stomatal response to green light (Wang et al. 2008) . Although this was not the first observation showing that stomata open in response to green light (Kana and Miller 1977 , Travis and Mansfield 1981 , Klein 1992 ), we presented a data set using a monochromatic green light obtained with a narrow-band interference filter, which would hardly excite phototropins (Wang et al. 2008 ). In the daylight spectrum, green light is abundant. Moreover, because of preferential absorption of blue and red wavebands by chlorophylls, green light is remarkably enriched in the leaf canopy (Holms and Smith 1977) , as well as in the leaf (Terashima et al. 2009 ). Thus, the roles of green light should be studied more intensively. According to a recent review, green light affects various plant growth and developmental processes (Folta and Maruhnich 2007) . However, the mechanisms of these green light responses are mostly unexplored.
There is another interesting feature with respect to stomatal light responses in amphistomatous leaves, i.e. stomata in the adaxial epidermis (upper epidermis) and those in the abaxial epidermis (lower epidermis) show different light responses (Dale 1961 , Turner 1969 , Pemadasa 1979 , Travis and Mansfield 1981 , Pemadasa 1982 , Turner and Singh 1984 , Wong et al. 1985 , Yera et al. 1986 , Lu et al. 1993 , Goh et al. 1995 , Goh et al. 1997 , Driscoll et al. 2002 , Goh et al. 2002 , Soares et al. 2008 , Wang et al. 2008 . The adaxial and abaxial stomata inhabit different light environments in terms of both intensity and wavelength composition. The adaxial stomata are exposed to more direct radiation, whereas the abaxial stomata are shaded by the leaf itself and receive light transmitted through the mesophyll. Our study with intact leaves of sunflower clearly demonstrated that the adaxial and abaxial stomata in intact leaves respond to white light as well as monochromatic light differently (Wang et al. 2008) . In particular, only the abaxial stomata showed a sensitive response to green light (Fig. 6 in Wang et al. 2008) . It is highly probable that the abaxial stomata acclimate to their in situ light environment, which is enriched in green light. In more general terms, the growth light environment would modify the stomatal light responses.
In this study, our aim was to clarify whether stomata acclimate to their growth light environment. We also separately assessed the photosynthesis-dependent and -independent components to analyze the stomatal light responses further. We artificially inverted sunflower leaves at their expanding stage. After their full expansion, we separately measured gas exchange properties of each side of the leaf with a laboratory-constructed gas exchange system (Wang et al. 2008) . Stomatal responses to white light, and blue, red and green monochromatic light, were compared between the inverted leaves and the normally oriented leaves. We also examined stomatal light responses in the presence or absence of DCMU. Through these measurements, we were able to clarify the nature of the photosynthesis-dependent and -independent components in stomatal responses to various monochromatic lights, in particular, the green light responses.
Results

Morphology of leaves and stomata changed during the inversion treatment
We applied the leaf inversion treatment for about 2 weeks. Irrespective of the orientations during the inversion treatment, we use the terms 'adaxial' and 'abaxial' to denote the leaf surfaces ( Fig. 1) . Transverse sections of a fully expanded normally oriented leaf and an inverted leaf are shown in Fig. 1 . The thickness of the inverted leaf was comparable with that of the normally oriented leaf ( Table 1) . The palisade tissue cells were thicker and shorter, whereas spongy tissue cells were larger and more densely packed in the inverted leaves than those in the normally oriented leaves (Fig. 1) .
The stomatal density, stomatal index and long axis of stomatal aperture of the normally oriented and inverted leaves at their fully expanded stages are compared in Table 2 . The adaxial stomatal density of the inverted leaves was significantly lower than that of the normally oriented leaves, whereas the abaxial stomatal density was comparable, so that the adaxial/ abaxial stomatal density ratio was smaller in the inverted leaves than in the normally oriented leaves. The stomatal index of the abaxial surface was higher than that of the adaxial surface irrespective of the inversion treatment. The absolute values of the stomatal indices did not differ between the inverted and normally oriented leaves, indicating that differentiation to the stomata had been determined or occurred before the onset of the inversion treatment. Therefore, the lowered adaxial stomatal density is probably due to an increase in the size of epidermal cell. The long axis of the adaxial stomatal aperture was smaller in the inverted leaves, whereas that of the abaxial stomatal aperture was somewhat larger in the inverted leaves. Overall, anatomical properties of the mesophyll were greatly altered. On the other hand, somatal index, stomatal density or size of the stomata were not apparently changed.
Effects of simultaneous illumination from both sides
A bifurcated fiber optic illuminator was used to illuminate both sides of the leaf with white light at the same photosynthetically active photon flux density (PPFD), varying from 0 to 1,000 mmol m À2 s À1 for each side. The whole leaf photosynthetic rate and stomatal conductance, calculated as the sums of adaxial and abaxial photosynthetic rates and stomatal conductances, are shown in Fig. 2 .
The whole leaf photosynthetic rate did not differ significantly between the normally oriented and inverted leaves, whereas the whole leaf stomatal conductance was greater in the inverted leaves.
Effects of monochromatic light
In this experiment, plants were kept in the dark for about 1 h, and each side of the leaf was irradiated directly with monochromatic light. At each PPFD, gas exchange parameters were measured continuously for about 30 min to ensure to obtain the steady-state values. The spectra of red, green and blue monochromatic light are shown in the Appendix (Fig. A1) .
The data for the adaxial side are shown in Fig. 3 . G s values to blue light and red light were significantly lower in the inverted leaves than in the normally oriented leaves. The photosynthetic rate of the adaxial surface was lower in the inverted leaves in blue and red light (Fig. 3) . The green light response of the adaxial stomata was very low in both the inverted and normally oriented leaves (Fig. 3c) .
In Fig. 4 , the stomatal conductance and photosynthetic rate of the abaxial side are shown (note that the ordinate scales are different between Figs. 3 and 4) . The blue light response of the abaxial surface was much greater in the inverted leaves, whereas the red light responses of the abaxial surface were comparable between the inverted and normally oriented leaves. Interestingly, G s of the abaxial surface of inverted leaves in green light tended to be lower than the values for the normally Data are shown as the means ± SD. n = 17 for the normally oriented leaves, and n = 14 for the inverted leaves. P-values were calculated by Student's t-test. NS, non-significant.
oriented leaves and, at 250 mmol m À2 s À1 PPFD, the difference was statistically significant (Fig. 4c) .
Effects of DCMU on stomatal responses of normally oriented and inverted leaves
For this experiment, light-induced increments of G s from the G s level in the dark were compared (Fig. 5) . Since the adaxial stomata showed very little response to green light (Wang et al. 2008, or Fig. 3 in the present work), we only examined the effects of DCMU treatment on responses of the abaxial stomata. Both surfaces of the leaves were treated either with 1 mM DCMU in 1% ethanol or with 1% ethanol (see Materials and Methods). Because virtually no photosynthesis occurred, as shown below (Table 3) , it was hard to keep the intercellular CO 2 concentration (C i ) constant at 300 ml l
À1
. Thus, in this experiment, the C i was kept at 300 ml l À1 only for the control leaves, whereas the ambient CO 2 concentration (C a ) was kept at about 330 ml l À1 for leaves treated with DCMU. The vapor pressure deficit (VPD) was kept at 0.7 kPa. The C a for the leaves without DCMU was 315-330 ml l À1 in the light. The data shown in Table 3 are the photosynthetic rates of the whole leaf, irradiated with monochromatic light from the abaxial side. When compared with the leaves without DCMU (e.g. at 250 mmol m À2 s À1 red light, the photosynthetic rate of the whole leaf is about 3.5-5 mmol m À2 s À1 ), the data clearly indicated that the present DCMU treatment completely suppressed photosynthesis. We also measured Chl fluorescence with a pulse amplitude moderation fluorometer (PAM 101, Waltz). It was confirmed that the electron transport was almost completely suppressed by DCMU treatment (data not shown).
In Fig. 5 , responses of the abaxial stomata to monochromatic light given from the abaxial side are shown. Blue light induced a marked G s increase even in the presence of DCMU (Fig. 5a ). These results indicate that the stomatal response to blue light was mainly attributed to the photosynthesisindependent component. When the PPFD was increased to 250 mmol m À2 s À1 , stomatal conductance of the leaf with DCMU was lower than that without DCMU, implying that the photosynthesis-dependent component would also be involved in the blue light-induced G s increase. In inverted leaves, the increment of G s in the presence of DCMU was significantly lower than that in the absence of DCMU at all the PPFDs (Fig. 6a) , indicating that the photosynthesisdependent component was more heavily involved in the increment of the abaxial stomatal conductance in inverted leaves.
The stomatal response to red light of abaxial stomata was mostly inhibited by DCMU in both the normally oriented and ) and inverted leaves (filled symbols) when the leaves were simultaneously illuminated with white light from both sides. The PPFD was increased from the lowest value to the highest. The intercellular CO 2 concentration (C i ) was kept constant at 300 ml l À1 . Data are plotted against PPFD illuminated on one leaf surface. Differences in A n and G s between the normally oriented and inverted leaves were detected by Student's t-test (*P < 0.05). Data represent the means ± SD (leaf number !3). inverted leaves (Figs. 5b, 6b) , suggesting that the red light-induced G s increase depended solely on the photosynthesis process.
The abaxial stomatal conductance induced by green light was also suppressed by DCMU. However, in the normally oriented leaves, the G s increments in the presence of DCMU were all significant (Fig. 5c) , suggesting that green light induced the increment of abaxial stomatal conductance partly via the photosynthesis-independent component. However, in the inverted leaves treated with DCMU, the increment of stomatal conductance in response to green light was nil (Fig. 6c) . These results imply a possibility that the photosynthesis-independent component for the green light was depressed by the inversion treatment. . Differences in A n and G s between the normally oriented leaves and inverted leaves were detected by Student's t-test (*P < 0.05; **P < 0.01). Data represent the means ± SD (leaf number !3). . Differences in A n and G s between the normally oriented leaves and inverted leaves were detected by Student's t-test (*P < 0.05; **P < 0.01). Data represent the means ± SD (leaf number !3).
Discussion
Here, we stress again the definition of the photosynthesisdependent and -independent components. As we mentioned in the Introduction, the photosynthesis-dependent component refers to the response driven by photosynthesis, which can be inhibited by photosynthetic inhibitors, such as DCMU (Sharkey and Raschke 1981a , Schwartz and Zeiger 1984 , Tominaga et al. 2001 , Olsen et al. 2002 . The other component of the light-induced stomatal opening, which cannot be inhibited by DCMU, is defined as the photosynthesis-independent component in the present study. The 'photosynthesis-dependent component' is a general term referring to all the processes of photosynthesis. Actually, judging from studies with transgenic tobacco, some partial reactions of photosynthesis rather than all the photosynthetic processes are important in the stomatal light responses (von Caemmerer et al. 2004 , Baroli et al. 2008 , Lawson et al. 2008 . Furthermore, important partial reactions for the blue light response may be different from those for the red light response (Talbott and Zeiger 1998 , Vavasseur and Raghavendra 2005 , Shimazaki et al. 2007 , Lawson 2009 ). Therefore, we did not compare the CO 2 exchange rates among different monochromatic lights (such as Fig. 4 ) to assess the photosynthesis-dependent or -independent components. Instead, we inhibited the whole processes of photosynthesis by DCMU to separate these two components.
According to the results of DCMU experiments, the green light-induced G s increment of the abaxial stomata relied on both photosynthesis-dependent and -independent components. This is the first report showing that the stomatal response to green light was independent of leaf photosynthesis. Although the extent of the increment in G s in the presence of DCMU by green light was not as high as that by blue light, the increments were statistically significant at all PPFDs (Fig. 5) . These results indicate the involvement of a green light receptor in the process of stomatal responses to light. We also examined the effects of addition of a light pulse in the presence of saturating red light in the leaves of sunflower as well as Arabidopsis thaliana. When the photosynthetic rate and stomatal conductance attained their steady states by saturating red light, a weak green light or blue light pulse was added. Although the .) For the leaves treated with DCMU, the ambient CO 2 concentration was kept at 330 ml l À1 . Differences in the G s increment between the leaves with and without DCMU were detected by Student's t-test (*P < 0.05; **P < 0.01; ***P < 0.001). The symbol y means that the difference between G s in the dark and that in the light was not significant (P > 0.05). Data represent the means ± SD (leaf number !3). The abaxial side was irradiated with monochromatic light. DCMU was applied to both sides of the leaf before the gas exchange measurement. Each value represents the whole leaf photosynthetic rate, calculated as the sum of gas exchange rates measured for the adaxial and abaxial surfaces. Data represent the means ± SD (leaf number !3). For measurement conditions, see the text. increment of G s by green light was not as high as that by a blue light pulse, the green light pulse unmistakably induced an increase in G s ( Supplementary Fig. S1 ). In addition, G s decreased to its original level after the blue light pulse, whereas G s stayed at a high level after the green light pulse, implying that the modes of action of green light and blue light are not the same ( Supplementary Fig. S1 ).
Moreover, it appears that the photosynthesis-independent component in the green light response is influenced by the growth environment. In our previous study, we highlighted that the abaxial stomata, not the adaxial stomata, are able to respond to green light (Wang et al. 2008) . We hypothesized that this green light response would be meaningful as acclimation to the transmitted light environment. In the present study, we tested this hypothesis by inversion of the leaves. It was shown that the adaxial stomata could not become responsive to green light by the inversion treatment, and that the green light response of the abaxial stomata was decreased by acclimation to the direct strong light (Fig. 4c) . It is probable that the adaxial stomata inherently do not have the capacity for a green light response, which would explain why the change in the growth light environment by inversion failed to induce a green light response. On the other hand, the green light response of the abaxial stomata was weakened by the strong direct light treatment, implying that acclimation to strong direct light eliminates the sensitivity to green light in the abaxial stomata. Moreover, in the inverted leaves treated with DCMU, G s did not increase in response to green light (Fig. 6c) , implying that, in the abaxial stomata, acclimated to strong light with the full spectrum, the photosynthesis-independent response pathway was suppressed.
In our study, we carefully chose the green interference filter, so that the green monochromatic light would not excite phototropins. Actually, the photosynthesis-independent component was absent in the green-light induced G s increment in the inverted leaves (Fig. 6c) , although there was a considerable photosynthesis-independent component in the blue lightinduced G s increment in the inverted leaves (Fig. 6a) . If our green monochromatic light excited phototropins, we would be able to observe some photosynthesis-independent component due to this light.
There are only a few studies that addressed green light responses of stomata, and these studies concentrated on the phenomenon that green light reverses the blue light effect on stomatal opening (Frechilla et al. 2000 , Talbott et al. 2006 . They have shown that the stomatal opening induced by blue light can be reversed by green light, and when green and blue lights were applied at a 2 : 1 ratio the full reversal was observed , Talbott et al. 2006 . Recent studies suggest that, among the known photoreceptors, cryptochromes may absorb green light to some extent (Lin et al. 1995a , Lin et al. 1995b , Liu et al. 2008 , but no studies have looked for the photoreceptor(s) that are responsible for the green light-induced opening response of stomata. This photoreceptor should be identified.
Under the leaf canopy, light contains more green light than blue or red light. Such green light should have some effects on photosynthesis and transpiration of plants in the canopy light environment. Therefore, it is worth continuing research on the green light response.
Red light responses of stomata in all cases rely only on the photosynthesis-dependent component, in accordance with the results in intact Xanthium strumarium leaves (Sharkey and Raschke 1981a) . Based on the electrophysiological analyses examining the effects of red light, Roelfsema et al. (2002) Fig. 6 Effect of DCMU on the increment of stomatal conductance (G s ) by monochromatic light in the inverted leaves. The abaxial side of the leaf was irradiated directly with blue, red or green monochromatic light. The increment in stomatal conductance from the dark level, the G s increment, is shown. Color bars, leaves treated with 1% ethanol; black bars, leaves treated with 1 mM DCMU in 1% ethanol. For leaves treated with 1% ethanol, the intercellular CO 2 concentration (C i ) was kept constant at 300 ml l À1 . (The ambient CO 2 concentration ranged from 315 to 335 ml l
À1
.) For the leaves treated with DCMU, the ambient CO 2 concentration was kept at 330 ml l
. Differences in the G s increment between the leaves with and without DCMU were detected by Student's t-test (*P < 0.05; **P < 0.01; ***P < 0.001). The symbol y means that the difference between dark and light period was not significant (P > 0.05). Data represent the means ± SD (leaf number !3).
suggested that the red light response depends on the decrease in the C i due to photosynthesis. However, in our experiments, we controlled C i at 300 mL L À1 during the measurements, which indicates that the red light response was independent of C i , but dependent on other processes of photosynthesis. As suggested by recent studies (Tallman 1992 , Tallman and Zeiger 1988 , Doi et al. 2008 , the red light response may be dependent on the apoplastic concentration of sugar that increases with the increasing of the photosynthetic rate. It is also probable that some other solutes or signals in the apoplast are responsible for this response.
As suggested by research using guard cell protoplasts and epidermal strips, the blue light response of stomata involves both the photosynthesis-dependent and photosynthesisindependent components (Talbott and Zeiger 1998) . Our results confirmed this conclusion in intact leaves. The present results also indicate that the growth environment affects the relative contributions of these two components to the blue light response. In Fig. 4a , blue light responses of the abaxial stomata were much greater in the inverted leaves than in the normally oriented leaves. This may be the main reason for the fact that the whole leaf stomatal conductance was greater in the inverted leaves than in the normally oriented leaves (Fig. 2) . However, when the leaves were treated with DCMU, the specific blue light response (which would be independent of photosynthesis) in inverted leaves was not greater than that in normally oriented leaves (compare the black bars for the abaxial side of the normally oriented and inverted leaves in Figs. 5a and 6a) . Hence, the enhanced blue light response in the inverted leaves was due to the increase in the photosynthesis-dependent component. In other words, when the abaxial side of the leaf acclimated to direct strong light, the blue light responses of stomata tend to rely more on the photosynthesis-dependent component.
Leaf structure changed in response to the change in the growth light environment ( Table 1) . Although the leaf thickness was not altered by the inversion treatment, the morphology of cells of the palisade and spongy tissues were greatly affected ( Table 1 ), indicating that the direction of light or the intraleaf light would affect mesophyll structure. It is known that these morphological changes are accompanied by changes in the profile in the chloroplast properties (Terashima and Hikosaka 1995) . The photosynthetic capacity in the abaxial side of the inverted leaves had to be enhanced, whereas that in the adaxial side would be suppressed. These effects might relate to enhancement of the photosynthesis-dependent components in monochromatic light responses.
In this study, we examined green light responses of the stomata in detail. Our results strongly suggest that the green light response relied on both the photosynthesis-dependent and -independent components, which implies the existence of a green light receptor. Moreover, acclimation of the abaxial stomata to the strong direct light eliminated the photosynthesisindependent component in the green light response. The results also confirmed that the red light response relied solely on the photosynthesis-dependent components. Moreover, the data show that the blue light response involved both the photosynthesis-dependent and photosynthesis-independent components, and that the photosynthesis-dependent component in the abaxial stomata of inverted leaf was enhanced by acclimation to strong direct light.
Materials and Methods
Plant materials and growth conditions
Sunflower seeds (Helianthus annuus L. 'Russian Giant', Takii Seeds, Kyoto, Japan) were sown in pots (12 cm in diameter and 20 cm in height, one seedling per pot) with vermiculite. The plants were grown in an environment-controlled chamber (LP-2PP, Nippon Medical & Chemical Instruments) at approximately 60% relative humidity with a 14 h photoperiod at an air temperature of 22 C and a 10 h dark period at 18 C. Light was supplied by a bank of fluorescent lamps (FPR96EX-N/A Palook, National). PPFD was measured with a photon sensor . Plants were supplied with approximately 400 mmol m À2 s À1 of PPFD at canopy height (for the spectra of light environments in the growth chamber, see Appendix Fig. A2 ).
About 4 weeks after planting, young expanding leaves that had lamina lengths at 1/4 to 1/3 of those of expanded leaves were selected. Some of these leaves were inverted and each of them was placed in an envelope made of a coarse transparent net to maintain their orientation. The other expanding leaves, which were placed in the envelopes in the normal orientation, were used as the control leaves. The treatments continued for about 14 d until their full expansion.
All plants were watered daily, and fertilized twice a week with 100 ml of Hoagland's solution containing 2 mM KNO 3 , 2 mM Ca(NO 3 ) 2 , 0.75 mM MgSO 4 , 0.665 mM NaHPO 4 , 25 mM Fe-EDTA, 5 mM ZnSO 4 , 0.5 mM CuSO 4 , 0.25 mM NaMoO 4 , 50 mM NaCl and 0.1 mM CoSO 4 . We used only fully expanded leaves for the experiments.
Gas exchange
Since the spongy tissue and abaxial epidermis of sunflower leaves are tightly connected and the removal of the abaxial epidermis is almost impossible, all the results regarding stomatal movement were based on gas exchange measurements.
A gas exchange system with a double-sided leaf chamber was used (for details, see Wang et al. 2008) . Briefly, the system used an infrared CO 2 analyzer (LI-7000, Li-Cor) to monitor the changes in CO 2 and H 2 O concentrations. Two half-chambers, sandwiching the leaf, had windows of 6 cm 2 (2 Â 3 cm), which allowed independent controls of the light environments of the two leaf surfaces. Water circulation in water jackets around the system controlled the temperature of the two half-chambers. Leaf surface temperatures were measured by two thermocouples attached to the adaxial and abaxial leaf surfaces. No significant differences in the adaxial and abaxial surface temperatures were noted in the experiments. All the data were logged on a personal computer. The CO 2 and H 2 O concentrations and leaf temperature were measured for each of the half-chambers. The method of von Caemmerer and Farquhar (1981) was used to calculate the rate of transpiration (E), intercellular CO 2 concentration (C i ), the rate of photosynthesis (A n ) and the stomatal conductance (G s ). C i or C a and other conditions during the experiments were maintained by frequent adjustments of the CO 2 injection rate and temperature of the circulating water. We controlled C i in most of our experiments, because it is generally accepted that guard cells respond to C i rather than C a (Mott 1988) . Leaf temperatures were kept at 20.5 C, and VPDs were about 0.7 kPa. 
Light source
DCMU treatment
When necessary, the normally oriented leaves or inverted leaves of the plants were treated with DCMU. Plants were taken out of the growth chamber in the early morning before the onset of the light period. Both surfaces of the leaf were gently painted with a solution containing 1 mM DCMU (Sigma-Aldrich) in 1% ethanol (Wako), until both surfaces were completely wet. The solution only containing 1% ethanol was applied to the control leaves. The plants were kept in the dark for about 2 h before the gas exchange measurement.
Leaf anatomy
Leaf segments ($1 Â 3 mm) were cut from the middle part of the leaves, which were used for the gas exchange measurement. The samples were fixed by 2.5% glutaraldehyde in a 0.2 M phosphate buffer (pH 7.2) at 4 C and evacuated with a vacuum pump. The samples were dehydrated by an acetone and propylene oxide series and embedded in Spurr's resin (Electron Microscopy Sciences). Semi-thin sections of 0.8 mm thick were cut with a glass knife on an ultramicrotome (Reichert Ultracut R, Leica). The transverse sections were stained with 1% toluidine blue in 1% borax (pH 9.0) on a hot plate. These sections were observed at a magnification of Â200 under a light microscope (BX50, Olympus) and micrographs were taken with a digital camera (DP71, Olympus).
Stomatal density and size
16 normally oriented and 24 inverted fully expanded leaves from different plants were selected. Three microphotographs were randomly taken from the same area of the leaf lamina that was used for the gas exchange measurement. To calculate stomatal density, the number of the stomata for each microphotograph (about 0.2 mm 2 ) was counted. Since it was difficult to measure the short axes of stomata, the long axes were measured as the size of stomata. Three different stomata were selected at random for each microphotograph, and the long axis of each stoma was measured. The stomatal index (I) was calculated as I = [S/(E + S)] Â 100, where S is the number of stomata, and E is the number of epidermal cells except for stomatal guard cells.
Statistical analyses
Differences between the mean values of data were analyzed using Student's t-tests or analysis of variance (ANOVA). All statistical tests were conducted by the statistical software SPSS 12.0 J (SPSS Inc.)
Supplementary data
Supplementary data are available at PCP online.
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Transmission spectra of three kinds of monochromatic light (Fig. A1) and light environment conditions in the growth chamber (Fig. A2) were measured by an Li-1800 spectroradiometer (Li-Cor). 
